Vesicular stomatitis virus (VSV), a prototypic member of the Rhabdoviridae RNA virus family, is exceptionally sensitive to the effects of interferon (IFN) and has long been used in assays to detect the presence of this antiviral activity (44) . But in the absence of an IFN response, VSV grows readily to high titers in most vertebrate cell types. Virally produced doublestranded RNA (dsRNA) plays a crucial role in inducing type I interferon (IFN-␣/␤) production in these cells (for reviews, see references 29 and 34) . Once IFN signaling establishes an antiviral state, viral dsRNA again plays a critical role by turning on two key cellular antiviral effector proteins, namely, dsRNAactivated protein kinase (PKR) and dsRNA-activated 2Ј,5Ј-oligoadenylate synthetase (OAS), both of which are upregulated by type I IFN (for a review, see reference 48). PKR activation leads to ␣ subunit of eukaryotic initiation factor 2 (eIF-2␣) phosphorylation and shutoff of protein translation while 2Ј,5Ј-oligo(A) activates RNase L and viral mRNA degradation. In a companion paper (44a), we established that the cell-type-specific growth restriction of the VSV polR mutant is due to a block in viral genome replication and decreased infectivity of released virus particles. Since eIF-2␣ phosphorylation is enhanced in polR-infected L-929 cells, we surmised that restriction might be due to a host cell antiviral response triggered by aberrant polR virus RNA synthesis. Our findings, however, ruled out a role for PKR or OAS activation as well as host gene induction in polR restriction. In this paper, we show that enhanced viral dsRNA production is nevertheless responsible for this phenomenon and that wild-type (wt) VSV is subject to a similar restriction when excess dsRNA from a nonviral source is generated during infection.
VSV serves as a model for understanding basic aspects of viral RNA synthesis in all nonsegmented negative-strand RNA viruses (Mononegavirales) (reviewed in reference 47). The polymerase of these viruses consists of two virus-encoded subunits: the L protein (catalytic subunit) and the P protein, the latter serving as a template-binding subunit and a cofactor for polymerization. All viral RNA synthesis takes place in the cytoplasm. The P/L polymerase complex functions solely with viral RNA templates fully encapsidated with the nucleocapsid protein (N or NP). Transcription involves sequential copying of virus genes in the order found on the genome. For VSV, this entails five genes: N, P, M, G, and L. Replication of viral genomes requires synthesis of antigenomes that serve as templates for progeny genome synthesis. All replicative synthesis is tightly coupled to the assembly of nascent strands by the N protein.
VSV polR mutants display unique alterations in viral RNA synthesis, and these pertain to the distinction between genome transcription and genome replication (13, 45) . These changes are caused by a single amino acid substitution in the N protein of the polR VSV mutant (Arg179 to His). The companion paper offers a more detailed description of the two modes of VSV RNA synthesis and the effects of the polR mutation (44a) . With respect to the present paper, the salient polR virus alteration is a partial uncoupling of replication from encapsidation, resulting in synthesis of unencapsidated leader-N gene read-through transcripts of varying sizes. These illegitimate replication products are produced in abundance, along with normal transcription products, by the polR virion-associated template-polymerase complex in vitro (45) but are much less abundant in polR VSV-infected cells (44a) .
The polR N protein mutation is also responsible for the unique virus host range growth defect of these mutants (12, 44a) . polR grows well in many established cell lines, such as BHK and HeLa, but displays growth restriction in a number of others, notably, mouse L-929 and rat 3Y1 cells, where infectious virus yields are ϳ100-fold-and ϳ40-fold-lower than wt virus, respectively. In these restricted host cells, polR genome replication is inhibited 6-to 10-fold, and the infectivity of released virus particles is reduced 5-to Ն10-fold. polR mRNA synthesis, however, is not compromised, and viral protein translation is only moderately reduced (two-to threefold) in both permissive and restricted cells. Even though inhibition of viral protein accumulation is clearly not the basis for restriction, polR nonetheless causes a threefold increase in eIF-2␣ phosphorylation compared to the wt in L-929 cells at a time when most viral protein synthesis has already taken place. These results suggest that polR infections activate PKR more effectively, possibly due to overproduction of dsRNA. But neither 2-aminopurine (2-AP), a PKR inhibitor, nor actinomycin D (act D), a cellular transcription inhibitor, affect polR restriction (44a). The cellular response to polR thus appears to be independent of IFN induction and signaling.
Two different types of cellular receptors have recently been implicated in sensing the presence of virally produced dsRNA and initiating the signaling cascades that result in induction of host cell antiviral genes: the transmembrane Toll-like receptor 3 (TLR3), predominantly expressed in cells that play a central role in innate and adaptive immunity, and two DexD/H box RNA helicases, retinoic acid-inducible gene I (RIG-I) and melanoma differentiation-associated antigen 5 (MDA5), which are found in the cytoplasm of most, if not all, cell types (for reviews, see references 34, 51, and 52). Although the earliest steps in the TLR3 and RIG-I/MDA5 signaling pathways clearly involve distinct components, both pathways nonetheless converge downstream to activate crucial transcription factors, including IFN regulatory factor 3 (IRF-3) and IRF-7, ATF2/ cJun, and NF-B, required for induction of IFN-␤ and other cellular antiviral defense genes (reviewed in reference 43).
Many viruses encode antiviral antagonists that block IFN induction and/or IFN signaling (for reviews, see references 23, 29, 30, and 33) . The particular step(s) targeted by these antagonists varies from one virus to another, but dsRNA-binding proteins constitute an important class that can potentially block the earliest step of IFN induction as well as dsRNA activation of antiviral effector proteins. Of particular interest for the present study are the vaccinia virus E3L protein and the influenza virus NS1 proteins. Both can prevent IFN induction and PKR activation by sequestering dsRNA and/or by direct binding to PKR (5, 40, 46, 58, 60) . E3L is at least partially responsible for vaccinia virus resistance to IFN and the broad host range of this virus in mammalian cells (38) . Likewise, influenza A virus lacking the NS1A gene grows very poorly in IFN-competent host cells (24) . In contrast, VSV does not encode a dsRNA-binding protein but generally counters IFN production by rapidly shutting down host cell functions, including transcription, nuclear-cytoplasmic transport, and translation (1, 7, 14, 15, 20, 21) .
It has long been assumed that IFN induction requires only very small amounts of virally produced dsRNA. Marcus and Sekellick showed decades ago that a single VSV defective virus particle containing a so-called snap-back dsRNA molecule is sufficient to induce maximum IFN production in hyperresponsive aged chicken embryo fibroblasts (41) . But aside from this study, almost nothing is known regarding amounts of dsRNA needed for IFN induction or direct activation of antiviral effector proteins in various cell types. As noted above, negativestrand RNA viruses like VSV do not generate dsRNA intermediates during replication, so what might be responsible for generating the small amounts needed for triggering antiviral responses is unclear. Nonetheless, PKR activation and, by inference, virally produced dsRNA, clearly plays a critical role in VSV sensitivity to type I IFN. For example, VSV growth is enhanced in PKR-null cultured cells (3) , and sensitivity to VSV infection is dramatically increased in at least some strains of PKR-null mice (3, 19, 56) . Moreover, it was shown long ago that type I IFN blocks VSV growth in L-929 cells via PKR activation and translational shutdown and that vaccinia virus coinfection rescues VSV from this inhibition (61) . The rescuing activity provided by vaccinia virus was subsequently shown to be attributable to the dsRNA-sequestering activity of its E3L protein (53) .
We show here that vaccinia virus coinfection likewise rescues polR growth in L-929 cells and that expression of E3L protein alone or expression of influenza NS1A or NS1B proteins counters polR virus restriction as well. Furthermore, a truncated version of NS1A containing only the dsRNA-binding domain appears sufficient for rescue. Moreover, we demonstrate that coinfection of cells with wt VSV-derived recombinants, engineered to produce dsRNA from a green fluorescent protein (GFP) reporter gene, leads to the same cell-type-specific growth restriction. On the basis of these findings, we propose that enhanced dsRNA accumulation during virus infection of some cell types triggers a constitutive antiviral activity independent of host gene transcription and the classical IFN response.
(The work presented here formed part of a Ph.D. thesis submitted to the University of California-San Diego and San Diego State University by D. Ostertag and part of an M.S. thesis submitted to San Diego State University by T. M. Hoblitzell-Ostertag.)
MATERIALS AND METHODS
Cell culture and virus sources. Growth of BHK-21, L-929, and 3Y1 cells and generation of the recombinant wt VSV and recombinant polR VSV used throughout this study are described in a companion paper (44a) . Generation of recombinant VSV-GFP and VSV-PFG is described below. Titers of all VSV stocks were determined by plaque assay in BHK cells. Stocks of the recombinant vaccinia-T7 virus (vTF7.3) (see reference 22) , simply referred to as vaccinia in this study, were grown in HeLa cells, and titers were determined by plaque assay in the same cell line.
Generation of recombinant minigenomes expressing heterologous genes. The VSV minigenome plasmid (pBS-GMMG) containing the VSV M and G genes (55) was kindly provided by Michael Whitt (University of Tennessee Health Science Center). The unique NcoI site in the G gene was first removed by introducing a silent mutation in the Ser199 codon (UCC to UCU) using standard oligonucleotide-directed mutagenesis. An oligonucleotide cassette containing cloning sites (SmaI, NcoI, and PmlI), flanked by VSV transcription start and stop sequences, was then inserted into the ClaI site between the M and G genes of pBS-GMMG grown in the dam Ϫ GM2163 Escherichia coli host. The cassette was constructed by annealing the following two oligonucleotides: 5Ј-CTCATCGAT CTCTGTTAGTTTTTTTCATACACGTGTTCCATGGTCCCGGGATCGATC TC-3Ј (minus-sense transcription start and stop sequences are in boldface type, and ClaI and cloning sites are underlined) and 5Ј-CTCATCGATCTCTGTTA G-3Ј. The ends of the annealed product were first blunted using Klenow DNA polymerase before being digested with ClaI. The resulting plasmid, designated pBS-GMMG(MCS), served as starting material for insertion of the various antiviral antagonist genes.
Antiviral antagonist genes were inserted into pBS-GMMG(MCS) as follows. The vaccinia E3L gene (WR strain) was first excised from plasmid pMT2/VaϪ (kindly provided by Bertram Jacobs, Arizona State University) with EcoRI/PstI digestion and cloned into the corresponding sites of the pSP73 vector (Promega). The PvuII/EcoRV fragment containing the E3L gene was then recovered and inserted into the SmaI site of pBS-GMMG(MCS) to yield pBS-MG-E3L. The wild-type influenza virus NS1A gene (PR8 strain) and derivative mutants were recovered from plasmids pCAGGS-NS1(SAM), pCAGGS-NS1(1-73)HA, and pCAGGS-NS1R38AK41A(SAM), all kindly provided by Aldolfo GarciaSastre, Mount Sinai School of Medicine (57) . The full-length NS1A gene was cut from pCAGGS-NS1(SAM) using EcoRI/XhoI digestion, blunted with Klenow DNA polymerase, and inserted into the SmaI site of pBS-GMMG(MCS). The truncated NS1(1-73) gene was likewise excised from pCAGGS-NS1(1-73)HA and inserted into the corresponding sites of the pTM1 plasmid (kindly provided by Bernard Moss, NIAID) to generate pTM1-NS1A(1-73). The NcoI/StuI fragment of pTM1-NS1A was then inserted into the NcoI/PmlI sites of pBS-GMMG(MCS). An identical strategy was used to insert the NS1 R38AK41A gene into pBS-GMMG(MCS). The NS1B gene was recovered from the pGEM4-NS1B plasmid (kindly provided by Robert Krug, University of Texas at Austin) by PCR amplification using primers 5Ј-TTAATAGGAACCATGGCGGACAA CATGACC-3Ј and 5Ј-AATGTCGCCATGGTAATTGTCTCCCTCTTC-3Ј (NcoI sites are underlined). Following NcoI digestion, the PCR product was cloned into the corresponding site of pBS-GMMG(MCS). Sendai C genes in plasmids pTM1-C M (C gene from M strain) and pTM1-C S (C gene from H strain with stop codon) were kindly provided by Daniel Kolakofsky, University of Geneva School of Medicine. These were digested with NcoI and StuI, and the C gene fragments were inserted into the NcoI and PmlI sites of pBS-GMMG(MCS). All of the pBS-GMMG(MCS)-derived plasmids containing the various antiviral antagonist genes were verified by sequencing to confirm the presence of the correct inserts.
Recovery of minigenome particles from the various minigenome plasmid constructs was carried out essentially as described previously (55) , except as noted below. In brief, BHK cells were first infected with vaccinia-T7 at a multiplicity of infection (MOI) of 10 PFU/cell and then cotransfected with optimal amounts of minigenome templates and pGEM-L, pGEM-P, and pGEM-N support plasmids (31, 54) . Cytosine arabinoside at 40 g/ml was included in the recovery protocol in lieu of filtration to minimize vaccinia virus-induced cytopathic effect and replication. Following incubation at 37°C for 36 to 48 h, released minigenome particles from the cell supernatants were amplified through two successive rounds in fresh BHK cells under the same conditions, except for the omission of minigenome plasmids and addition of the supernatants at 3 to 6 h posttransfection. The resulting supernatants were clarified by low-speed centrifugation to remove cell debris and stored frozen at Ϫ80°C. Minigenome particles in these working stocks were quantified relative to known amounts of infectious wt VSV genomes by Northern blot hybridization using a plus-sense M gene T7 transcript probe (see below).
Western blot analysis. Cytoplasmic extracts of infected L-929 cells (see Fig. 2A and B) were prepared at ϳ12 h postinfection (p.i.) in cell extraction buffer (Biosource) with the addition of protease cocktail inhibitor (Sigma) and 1 mM phenylmethylsulfonyl fluoride (Sigma). Samples were analyzed on a 10 to 20% Tricine gel (Invitrogen) in XT running buffer (Bio-Rad) and transferred in Nupage buffer (Invitrogen) plus 20% methanol onto a polyvinylidene difluoride membrane (Millipore). Membranes were blocked in 5% nonfat dried milk (NFDM)-Tris-buffered saline (TBS) for 1 h before the addition of primary rabbit polyclonal anti-E3L or anti-NS1A (kindly provided by Bertram Jacobs, Arizona State University, and Adolfo Garcia-Sastre, Mount Sinai School of Medicine, respectively) at 1:1,000 dilution in 1% OVA-TBS followed by incubation overnight at 4°C. The blots were then washed three times in TBS plus 0.5% Tween before the addition of Alexa Flour 680 goat anti-rabbit immunoglobulin G secondary antibody (Invitrogen) in 1% OVA-TBS, being washed three times in TBS, and being scanned with the Odyssey infrared imaging system using the manufacturer's suggested protocol (Li-Cor Biosciences). Probing of blots shown in Fig. 2C with a 1:2,500 dilution of rabbit polyclonal anti-C (kindly provided by Dominique Garcin, University of Geneva School of Medicine) was carried out as detailed in the companion paper (44a) .
Generation of recombinant VSV-GFP and VSV-PFG. The EcoRV/SpeI fragment containing the enhanced green fluorescent protein gene was excised from the pBI-EGFP plasmid (Clonetech), blunted with Klenow DNA polymerase, and inserted at the SmaI site of pBS-GMMG(MCS). Both sense (pGMMG-GFP) and antisense orientations (pGMMG-PFG) of the resulting plasmids were recovered. To incorporate the GFP and PFG sequences into the full-length pVSVFLϩ plasmid (39) , the EcoRV fragment from the latter plasmid (containing the P gene) was first inserted into the corresponding site of pGMMG-GFP and pGMMG-PFG. The XbaI/NheI fragments from the resulting plasmids were then used to replace the corresponding ones in pVSVFLϩ. Infectious recombinant VSV-GFP and VSV-PFG viruses were then recovered as described previously (44a) .
Coinfections with vaccinia virus, VSV minigenome particles, and VSV-GFP/ VSV-PFG. All VSV wt and VSV polR infections were carried out at an effective MOI of 10 (see reference 44a). For vaccinia coinfections, monolayers of BHK or L-929 cells (95% confluent) were first infected with vaccinia at an MOI of 10 PFU/cell for 2 h at 37°C prior to VSV infection. All such coinfections included 2 g/ml act D from the time of addition of vaccinia virus. Independent experiments showed similar results when act D was added at the time of VSV infection. Coinfections of VSV minigenome particles were carried out simultaneously with wt or polR VSV (effective MOI of 10 PFU/cell) in amounts ranging from equivalent to infectious virus to a fourfold excess based on Northern blots of particle RNA. Coinfections with VSV-GFP and VSV-PFG were carried out at the indicated MOIs. Infected cell culture supernatants were collected 24 to 30 h p.i. and clarified by centrifugation (600 ϫ g, 5 min) before determination of infectious virus yields and released particle content. The same clarified supernatants were also used for quantitation of released particles by Northern blot analysis of genomes as in the companion paper (44a), except for using a plussense M gene riboprobe copied from a pGEM plasmid encoding the entire VSV M gene. The same probe was used for Northern analysis of replication products in infected cells.
Analysis of intracellular viral RNAs and released virus particle RNAs. Preparation of cytoplasmic extracts, RNA extractions, and analysis of transcription and replication products was carried out as described previously (44a), except the following Northern blot probes were used. A T7 transcript containing the entire plus-sense M gene sequence was used to detect minus-sense replication products, and an SP6 transcript containing the entire minus-sense N gene sequence was used to detect N transcripts. GFP sense transcripts were likewise probed using a minus-sense T7 transcript containing the entire gene sequence.
RESULTS

Coinfection with vaccinia virus relieves polR VSV growth restriction in L-929 cells. wt VSV growth is blocked in L-929
cells pretreated with type I IFN, but coinfection with vaccinia virus relieves this block by preventing cellular PKR activation (61) . Even in the absence of IFN pretreatment, vaccinia coinfection was reported to increase wt VSV yields 10-to 20-fold in L-929 cells (62) . Some of the preliminary findings obtained in our lab several years ago also indicated that vaccinia virus coinfection stimulates polR VSV growth in L-929 cells (11) , suggesting a parallel between polR restriction and the type I IFN-mediated antiviral response. We therefore set out to characterize the effects of vaccinia coinfection on recombinant polR growth in more detail. As in the accompanying paper (44a), BHK and L-929 cells were infected with polR VSV at an effective MOI of 10 PFU/cell but, in this case, with or without coinfection with vaccinia virus also at an MOI of 10 PFU/cell. All infections also included 2 g/ml act D to inhibit vaccinia virus late functions, as in the earlier IFN rescue studies. act D has no significant effect on polR restriction (44a). In the nonrestricted BHK cells, vaccinia coinfection reduced wt VSV yields from ϳ8,000 PFU/cell to ϳ3,400 PFU/cell and polR yields from ϳ3,700 PFU/cell to ϳ1,000 PFU/cell (Fig. 1A, left panel) . In L-929 cells, coinfection increased wt virus yields, as previously reported, but the effect here was more modest (ϳ150 PFU/cell to ϳ520 PFU/cell). More importantly, coinfection in L-929 cells caused a dramatic increase in polR yields, i.e., from ϳ0.5 PFU/cell to ϳ220 PFU/cell (Fig. 1B, left panel) . Restriction of polR infectious virus yields in L-929 cells is thus efficiently countered by vaccinia virus coinfection. As documented in the preceding paper, polR restriction in L-929 cells is due in part to release of virus particles that are less infectious than those released by wt virus (Յ10-fold). To test whether vaccinia virus coinfection also restored infectivity of released polR virus particles, the infected cell supernatants for which titers were determined above for PFU yields were also probed for the presence of virus genomes by Northern blotting as before. For comparative purposes, wt virus particle/ PFU ratios in the absence of coinfection were arbitrarily given a value of 1.0. In BHK cells, vaccinia coinfection decreased wt and polR virus particle release by about the same amount as PFU and thus had little or no effect on particle/PFU ratios (Fig. 1A, right panel) . In L-929 cells, coinfection increased wt particle release slightly more than PFU (ϳ8-fold versus ϳ4-fold) but boosted polR particle release 62-fold (Fig. 1B, right panel), which restored particle/PFU ratios to near wt virus levels (from 20.1 to 2.4). Coinfection with vaccinia thus not only rescues polR virus particle release in L-929 cells but also restores their infectivity.
polR virus genome replication but not transcription is reduced compared to wt virus in infected L-929 cells (44a). Additional experiments showed that coinfection with vaccinia virus also restored the polR deficit in genome replication (data not shown, see also results below). We therefore conclude that vaccinia coinfection reverses all previously established blocks associated with polR virus growth restriction in L-929 cells. Moreover, based on previous findings showing rescue of VSV from an IFN-induced block under identical conditions, these findings suggest that polR virus restriction is in fact due to a cellular antiviral response.
Expression of dsRNA-binding proteins encoded by vaccinia virus and influenza viruses rescues polR virus restriction. Previous work identified the vaccinia-encoded dsRNA-binding protein E3L as the critical component responsible for wt VSV growth rescue in IFN-treated L-929 cells (53) . E3L is thought to prevent cellular PKR activation at least in part by sequestering dsRNA. To test whether polR rescue by vaccinia coinfection is due to E3L, we expressed this protein in a defective VSV minigenome that could be used in place of vaccinia for coinfection. This strategy ensured that E3L expression would occur in concert with polR infection in all cells, as in the vaccinia coinfection experiments. The defective minigenome approach also avoided possible biosafety concerns resulting from incorporation of the E3L gene in recombinant infectious VSV. We thus employed a well-characterized VSV minigenome, encoding only the virus M and G proteins (55) , and engineered an E3L-encoding transcription unit between the two, using appropriate VSV transcriptional start and stop sequences (50) . Particles containing the modified minigenome were recovered and amplified as previously described using the vaccinia-T7 expression system to provide trans-acting VSV functions (55) .
As expected, coinfection of L-929 cells with polR virus and E3L minigenomes resulted in E3L protein expression ( Fig. 2A) . The amounts produced were comparable to a vaccinia-T7 infection, except that the P20 rather than the P25 form of the protein preferentially accumulated in the minigenome system ( Fig. 2A, lane f versus lane c) . However, both species of E3L are known to display similar dsRNAbinding and antiviral activities (38) . Trace amounts of E3L were also evident in cells coinfected with control minigenomes (lanes d and e), which is due to small amounts of vaccinia-T7 virus remaining in the amplified minigenome preparations (see below).
L-929 cells were infected with wt and polR virus as described above and coinfected either with control minigenome particles (MG) or E3L-expressing minigenome particles (E3L). The latter were used at varying multiplicities, ranging from amounts equivalent to infectious virus particles (based on Northern blots of particle RNA) to four times as many. Figure 3 illustrates the effects on infectious yields at the highest input of minigenomes. For wt virus infections (Fig. 3A) , MG particle coinfections had negligible effects on PFU yields, while E3L-expressing particles caused a relatively small decrease (ϳ 60%). MG particles and E3L-expressing particle effects on wt yields in L-929 cells varied from experiment to experiment, ranging from slight inhibition to slight stimulation, typically within the range of accuracy of our plaque assays, i.e., twofold or less. For polR infections (Fig. 3B) , MG particles increased virus yields ϳ4-fold but E3L particles boosted PFU yields dramatically (46-fold). Coinfection with lower multiplicities of minigenome particles showed a dose-dependent response, but at higher multiplicities, infectious virus yields generally de- creased (not shown), an effect presumably due to competition of minigenomes with standard virus for replication (see below). Additional studies established that the moderate increase in polR yields with MG coinfection, which also varied from experiment to experiment, was due to small amounts of vaccinia-T7 virus remaining in the amplified minigenome particle preparations (Fig. 2) . We conclude from these results that rescue of polR infectious virus growth by vaccinia virus coinfection is mediated to a large extent by the E3L protein.
Although the dsRNA-binding activity of E3L is clearly implicated in wt VSV rescue from type I IFN-treated L-929 cells, it seemed possible that some other property of E3L was involved in polR rescue. To address this, we used the minigenome expression system to test the effects of other viral dsRNA-binding proteins known to function as antagonists of cellular antiviral defenses. NS1A protein from influenza A and NS1B protein from influenza B are distantly related to each other and unrelated to E3L but also bind to dsRNA (see the introduction). NS1A protein expression from minigenomes is shown in Fig. 2B (no antibody was available to us to confirm NS1B expression). The effects of NS1A and NS1B expression were tested in parallel to E3L in the experiment for which results are shown in Fig. 3 . Coinfection with NS1A-or NS1B-expressing minigenome particles had little or no effect on wt virus yields (Fig. 3A) but boosted polR yields 35-fold and 55-fold, respectively (Fig. 3B) . These results clearly show that the ability to rescue polR growth is not unique to E3L but is also displayed by other viral antagonist proteins that bind dsRNA.
To further test whether the above rescues correlated with the dsRNA-binding property of the proteins rather than some other antiviral antagonist property, we tested the effects of expressing Sendai virus C protein in the minigenome system. Sendai C lacks dsRNA-binding activity and functions as an antiviral antagonist by inhibiting STAT1 protein signaling required for IFN-induced gene activation (27, 28, 32) . The control minigenome used in this case (C S ) contained a C gene rendered nonfunctional by virtue of a translational stop codon (26) . Western blot analysis confirmed that minigenome particles encoding C M but not C S expressed the C protein ( expressing a functional C protein showed only a slight inhibitory effect (ϳ30% decrease) on wt virus yields (Fig. 3C ). With polR infections (Fig. 3D) , both types of particles showed only slight increases in virus yields (two-to threefold). Western blot analysis of infected extracts revealed that C M was in fact produced in this minigenome system in amounts comparable to Sendai virus-infected cells (Fig. 2C) . These results strongly suggest that rescue of polR growth restriction requires a protein with dsRNA-binding properties and that STAT1-mediated signaling is not required for restriction.
NS1A protein rescue activity maps to its dsRNA-binding domain. While E3L, NS1A, and NS1B all share the ability to bind dsRNA, these proteins possess additional effector domains thought to play a role in their antiviral antagonist activity (8, 18, (35) (36) (37) . To establish beyond a doubt that the dsRNAbinding activity of these proteins is solely responsible for polR rescue, we tested two mutant NS1A proteins: a truncated protein containing only the N-terminal dsRNA-binding domain (10) , designated here as NS1A(1-73), and a full-size protein containing two points mutations (R38A/K41A) that destroy its dsRNA-binding property (17) , designated here as NS1A*. The results comparing the effects of these mutant proteins versus full-size NS1A on virus yields are shown in Fig. 3E and F. For wt virus, all three NS1A constructs caused a small increase (2-to 2.5-fold) in wt virus yields. For polR infections, only the full-size NS1A protein and the truncated version NS1A(1-73) rescued polR virus yields significantly (20-and 17-fold, respectively). These results clearly show that the dsRNA-binding domain of NS1A, only 73 amino acids long, is sufficient for rescuing polR growth in L-929 cells.
Antiviral antagonist proteins rescue all aspects of polR virus growth restriction. As for vaccinia virus coinfection, it was important to demonstrate that viral dsRNA-binding proteins did not simply boost virus yields but also restored the specific defects associated with polR restriction. Effects of minigenome coinfection in L-929 cells on wt and polR virus particle release, measured as described before, are shown in Fig. 4 . All Northern blot samples of released particles were analyzed in parallel on the same gel but are shown separately for wt (Fig. 4A) and polR (Fig. 4B) to better illustrate the effects of minigenome coinfections. Note that both minigenomes and full-size genomes were observed in released particles, as expected, and the plots shown reflect the sum of the two. With wt virus, few minigenome particles of any kind were released (Fig. 4A, lanes  b to e) , even though these were present in fourfold excess in the inoculum. Cells infected with polR virus without coinfection released ϳ17-fold-fewer full-size genomes than wt, as expected (Fig. 4B, lane a) . This release was minimally affected by coinfection with increasing amounts of MG control minigenomes (Fig. 4B, lanes b to d) . In contrast, coinfection with increasing amounts of E3L-, NS1A-, or NS1B-expressing particles led to a significant boost in particle release (lanes e to k). Moreover, in this case, particles containing full-size genomes as well as particles containing minigenomes were released. Note that the boost in particle release at the highest input of E3L was ϳ5.5-fold relative to polR only (Fig. 4B, lane g versus  a) which is about 11-fold less than that observed above with vaccinia virus coinfection (Fig. 1D) . However, minigenome coinfection experiments involve a complex competition between replication of full-size genomes and minigenomes, with the latter providing a complementing function for polR replication. This is evident from the major increase in minigenome particle release in polR versus wt infections (Fig. 4B versus A) , which is consistent with the requirement for expression of the rescuing proteins in the polR case. Nonetheless, these results clearly show that all three viral dsRNA-binding proteins substantially stimulate virus particle release. In contrast, coinfection with a minigenome expressing the Sendai C protein showed no significant increase in polR virus particle release (data not shown).
We next tested whether the antiviral antagonist proteins also rescued the infectivity of released virus particles. Infectious virus yields and released particle data from the experiment for which results are shown in Fig. 4 were used to calculate a relative particle/PFU ratio, in this case using only full-size genome values ( Table 1) . As expected, released virus particles from wt infections showed little or no change in particle/PFU ratio upon coinfection with any of the minigenome particles. With polR infections, the control minigenome significantly lowered the particle/PFU ratio of released particles (ϳ3-fold), again likely due to low levels of vaccinia virus in the minigenome preparation but, more importantly, the viral antagonist-expressing minigenomes lowered the particle/PFU ratio to levels essentially identical to those of the wt (0.9 to 1.3). We conclude that expression of the antiviral antagonist proteins is sufficient to restore the infectivity of released polR particles.
Since inhibition of polR genome replication is also a hallmark of polR growth restriction, we examined the effects of expressing E3L, NS1A, or Sendai C protein on intracellular accumulation of wt and polR replication products in L-929 cells at 8 h p.i. (Fig. 4C and 4D ). Vaccinia virus coinfection was included in this experiment for comparative purposes. Replication values in the plots shown refer to the sum of full-size genomes and minigenomes. Neither vaccinia coinfection nor coinfection with any of the minigenomes caused significant changes in overall genome replication in wt virus-infected cells (Fig. 4C) . Note that E3L and Sendai C minigenomes replicated poorly in wt virus-infected cells (Fig. 4C, lanes c, d , and f), in agreement with particle release data, but NS1A minigenomes replicated more efficiently (lane e). This phenomenon was confirmed repeatedly in additional experiments, but the basis for the enhanced replicative ability of the NS1A-expressing minigenome remains unclear. More importantly, the low level of polR genome replication was stimulated 4.6-fold at the highest input of NS1A minigenomes and 6.4-fold at the highest input of E3L minigenomes (Fig. 4D , lanes a versus k and n) compared to an 8.1-fold stimulation obtained with vaccinia coinfection (lane b). In contrast, the highest input of C Mexpressing and C s -expressing minigenomes (lanes e and h) stimulated replication no more than twofold, as expected from the released particle data of Fig. 3 . We conclude from these results that the block in intracellular genome replication characteristic of polR restriction in L-929 cells is also relieved by expression of dsRNA-binding antiviral antagonist proteins to levels approaching vaccinia coinfection. All aspects of polR restriction are thus rescued by expression of these proteins.
Overproduction of dsRNA in wt virus infection causes a host range growth restriction similar to polR virus. The above results clearly implicated enhanced production of dsRNA, or some highly structured RNA, as the root cause for polR restriction. If so, we wondered whether production of any kind of dsRNA during wt virus infections might lead to the same host range growth defect. To test this, we devised a simple strategy to enhance dsRNA production in wt virus infection while making no changes in viral proteins. Accordingly, we engineered two recombinant viruses, one with an additional transcription unit expressing the GFP reporter gene between the viral M and G genes, and one expressing the identical GFP sequence in the opposite orientation. Coinfection of cells with the two recombinant viruses, designated here VSV-GFP and VSV-PFG, would then be expected to generate large amounts of dsRNA due to annealing of complementary reporter gene sequences.
Initial experiments showed that the growth properties of VSV-GFP and VSV-PFG were identical to those of the wt and produced similar yields of infectious virus and that each virus generated the expected sense and antisense GFP transcripts (data not shown). Coinfection experiments were then carried out in BHK and L-929 cells, as well as 3Y1 cells, which restrict polR growth in the same manner as L-929 cells (see reference 44a) to determine the effects on infectious virus yields. Addition of increasing amounts of VSV-PFG relative to VSV-GFP in the inoculum had little or no effect on PFU yields in BHK cells but dramatically inhibited wt virus yields in L-929 cells and 3Y1 cells (Fig. 5) . Growth inhibition increased from ϳ10-fold at 1:1 ratio of infecting viruses to ϳ80-fold at a 3:1 ratio in L-929 cells and Ͼ100-fold at a 3:1 ratio in 3Y1 cells. We presume the increase in restriction at a 3:1 virus ratio compared to a 1:1 ratio reflects an increase in the number of coinfected cells. As expected, yields from infections with VSV-GFP virus only were not affected by increasing the MOI from 5 to 20 PFU/cell (data not shown). HeLa cells, which do not restrict polR virus growth (12) , behaved similarly to BHK cells in this assay (data not shown). These striking results not only provide very strong support for the hypothesis that enhanced dsRNA production is responsible for polR growth restriction but also show that no specific viral sequence or other polR virus property is involved in restriction. In addition, these data suggest that growth restriction may be quantitatively similar when a relatively small excess of dsRNA is produced (polR infections) and when a large excess is produced (VSV-GFP/ PFG). However, we have not directly measured amounts of dsRNA accumulating in polR infections versus VSV-GFP/ PFG coinfections.
To further substantiate whether the same restriction phenomenon is involved in the wt GFP/PFG virus coinfection as for polR, we carried out Northern blot analysis of VSV N transcripts (Fig. 6A) and GFP coding-sense transcripts (Fig.  6B ) in both permissive BHK cells and restrictive L929 cells at 8 h p.i. N transcript amounts increased slightly (ϳ2.5-fold) with increasing ratios of VSV-PFG/VSV-GFP in BHK cells. In L-929 cells, N transcript amounts were ϳ3-fold higher than in BHK cells when infected with VSV-GFP only and remained essentially unchanged with coinfection with VSV-PFG, despite the precipitous drop in infectious virus yields. This lack of effect on genome transcription is a hallmark of polR restriction. GFP sense transcripts also accumulated in these coinfec- tions, as expected, but in contrast to viral N transcripts, their amounts decreased with increasing VSV PFG/GFP ratios (Fig.  6B) . These results are consistent with formation of dsRNA due to annealing of GFP and PFG transcripts and known effects of cellular DICER activity on dsRNA (6) . Note that degradation of GFP transcripts was more pronounced in L-929 than in BHK cells (ϳ5-fold versus ϳ2-fold decrease), which may indicate a difference in the amounts and/or activity of DICER in these two cell types. We next tested whether VSV-GFP/VSV-PFG coinfection also involved release of virus particles with reduced infectivity. Ratios of PFU/genome in released particles showed no significant change for VSV-GFP versus coinfections with VSV-GFP/ VSV-PFG (Յ10%) in BHK cells. In contrast, coinfections with a threefold excess of VSV-PFG over VSV-GFP in L-929 cells reduced released particle infectivity ϳ20-fold (data not shown), again mimicking polR results.
Lastly, we wanted to test if wt VSV restriction mediated by dsRNA is also independent of PKR activation and host gene transcriptional activation as for polR (44a) . The effects of 2-AP and act D on yields from VSV GFP/PFG coinfections and polR in L-929 cells are shown in Fig. 7 . In the absence of either inhibitor, virus growth restriction in VSV-GFP/PFG coinfections was similar to polR infections, i.e., ϳ25-and 50-fold, respectively. In the presence of 2-AP, VSV-GFP growth was essentially unaffected, while polR yields were slightly increased (ϳ3-fold), in agreement with previous results (44a), and GFP/ PFG coinfection titers increased ϳ2-fold. Blocking host gene transcription with act D likewise had little or no effect on VSV-GFP/PFG coinfections or polR infection (Fig. 7) . These results leave little doubt that wt virus growth restriction caused by enhanced dsRNA production occurs by the same mechanism as polR virus restriction.
DISCUSSION
We showed in an accompanying paper (44a) that the VSV polR mutant displays a unique growth defect in several established cell lines. Under single-cycle infection conditions, mouse L-929 cells yield ϳ100-fold less infectious polR virus than the wt, while rat 3Y1 cells yield ϳ40-fold less. In contrast, BHK cells yield only slightly less mutant virus than the wt. The nature of this host range phenotype is remarkable in that only two specific steps in virus multiplication are targeted: genome replication and infectivity of released virus particles. We hypothesized that polR restriction might be due to a cellular antiviral response based mainly on two observations: (i) polR infection results in more extensive eIF-2␣ phosphorylation than wt in L-929 cells and (ii) polR virus RNA synthesis is anomalous and generates unencapsidated replication products that could possibly lead to enhanced levels of dsRNA. We tested this hypothesis here by first taking a lead from earlier studies showing that vaccinia virus coinfection rescues wt VSV growth from the inhibitory effects of type I IFN in L-929 cells by sequestering dsRNA and averting cellular PKR activation (53) . Our results showed that vaccinia coinfection restored polR virus genome replication and infectivity of released particles to wt VSV levels in L-929 cells under conditions identical to those used earlier for wt VSV rescue in IFN-pretreated cells (61) . We then proceeded to show that expression of the vaccinia virus E3L protein alone, via coinfection with an engineered defective VSV minigenome, also rescued polR VSV growth in L-929 cells.
Although the C-terminal dsRNA-binding domain of E3L has been implicated in VSV rescue from a type I IFN-mediated block (53) , recent studies suggest that the N-terminal Z-DNA binding domain of this protein also contributes to its antiviral antagonist properties (8, 36, 37) . We therefore tested other dsRNA-binding proteins for their effects on polR restriction. Both NS1A and NS1B proteins from influenza A and influenza B viruses, respectively, rescued polR growth in L-929 cells. These two antiviral antagonist proteins share a structurally similar N-terminal RNA-binding domain but their C-terminal domains, which also participate in blocking the host cell antiviral response, are unrelated to each other or to E3L (35) . The NS1A C-terminal domain inhibits host cell mRNA processing (9) , while that from NS1B blocks the functioning of the cellular ubiquitin-like ISG15 protein (66) . In contrast to E3L and influenza NS1 proteins, expression of Sendai virus C protein, an antiviral antagonist protein that lacks dsRNA-binding activity, had no effect on polR restriction. Notably, Sendai C can also rescue VSV from a type I IFN-mediated block but does so by virtue of inhibiting STAT1 protein activity, which is required for IFN signaling (25, 27) . The inability of Sendai C to rescue polR is thus consistent with our evidence that restriction is not due to IFN-mediated signaling (44a).
The effects of E3L, NS1A, and NS1B proteins on polR restriction implicate sequestering of dsRNA or some highly structured RNA as the likely mechanism for rescue. To further substantiate this conclusion, we showed here that the N-terminal RNA-binding domain of NS1A, only 73 amino acids in length (10), rescued polR, while a full-size NS1A protein harboring two amino acid substitutions that abolish RNA binding (17) failed to do so. These results leave little doubt that dsRNA sequestering is the basis for polR rescue.
If overproduction of viral dsRNA is solely responsible for polR restriction, then wt virus might be expected to show the same phenomenon if more dsRNA is produced during infection. We showed that this is in fact the case by coinfecting cells with two infectious recombinant viruses, one expressing the sense strand of the enhanced GFP gene (VSV-GFP) and one expressing the antisense strand (VSV-PFG). Remarkably, coinfection with these viruses mimicked all aspects of the polR restriction phenotype. Infectious virus yields were unaffected by coinfection in BHK or HeLa cells but were reduced 100-fold or more in L-929 and 3Y1 cells. This restriction had no effect on viral mRNA accumulation, and released virus particles displayed ϳ20-fold-lower infectivity than those produced by infection with VSV-GFP alone. Moreover, as for polR, neither act D nor 2-AP rescued the block in virus growth. Notably, GFP transcript accumulation was reduced in coinfected cells, as might be expected from DICER-mediated degradation of dsRNA (6) . We conclude from these results that dsRNA need not originate from a VSV sequence to cause growth restriction and that enhanced production of unrelated dsRNA, in the absence of the polR N mutation, is sufficient for triggering this constitutive host cell antiviral activity. For brevity, we refer to this phenomenon as the CAVE (constitutive antiviral effector) response.
Interestingly, what we already know about the changes in viral RNA synthesis caused by the polR mutation suggests an obvious candidate source for enhanced levels of dsRNA. The mutant virus synthesizes substantial amounts of unencapsidated plus-sense replication products in vitro, although this illegitimate synthesis lacks processivity and generates heterogeneous size transcripts ϳ200 to 400 nucleotides long (45) . Small amounts of these dead-end products are detectable in polR-infected cells when assayed by RNase protection of a 3Ј-end-labeled genome probe (unpublished). This phenomenon is not unique to VSV polR, as analogous abortive replication products terminating heterogeneously within the N gene have also been shown to accumulate in cells infected with Sendai virus Z strain (59) . What is important here, however, is that unencapsidated replication products of both plus and minus sense very likely accumulate in these virus infections. This can be inferred from our earlier studies showing that polR virus readily reads through the minus-sense leader termination site of copy-back defective interfering particle templates in vitro in the absence of encapsidation (45) . Accumulation of unencapsidated minus-sense replication products in infected cells, even if only a few hundred nucleotides long, should produce dsRNA by annealing to plus-sense L gene mRNA transcripts whose 3Ј ends terminate only 59 nucleotides from the 5Ј end of the genome. We propose that this annealing reaction not only accounts for enhanced dsRNA production in polR-infected cells but also serves as the minimal source of dsRNA necessary for triggering the classical cellular antiviral transcriptional response in wt virus-infected cells. This same annealing phenomenon likely applies to other nonsegmented negative-strand RNA viruses.
Marcus and Sekellick (41) reported long ago that a single molecule of preformed dsRNA within a defective interfering VSV particle is sufficient for full induction of type I IFN in aged chicken embryo fibroblasts. Although this important finding may be somewhat unique to the cell and virus system used, it nonetheless underscores the notion that extremely small amounts of dsRNA suffice to trigger IFN induction. But our findings here show that dsRNA accumulation in excess of what is normally seen in VSV-infected cells triggers an IFN-independent antiviral response in at least some cell types. The threshold level of dsRNA required for this CAVE response is as yet ill defined and could well differ between cell types and under varying growth conditions. However, we have shown previously that polR revertant viruses display varying levels of restriction that correlate with the extent of abortive replication product synthesis (12) . These findings suggest that the amount of dsRNA generated by the revertant viruses affects the magnitude of the CAVE response, at least beyond the threshold found in wt-infected cells. Nonetheless, the amounts produced in polR-infected L-929 cells appear to be nearly saturating for this antiviral response, since the extent of restriction is roughly similar to that of VSV-GFP/VSV-PFG coinfections, where much larger amounts of dsRNA are undoubtedly generated (likely equivalent to G transcript levels in wt infections).
The nature of the constitutive antiviral effector(s) triggered by overproduction of dsRNA remains unclear. PKR is known to play a central role in the classical antiviral response to VSV in cell culture as well as in the innate immune response to VSV in mice (3, 19, 56) . PKR is upregulated by type I IFN and, upon binding to dsRNA, phosphorylates eIF-2␣, which effectively shuts down protein translation (4, 48, 63) . But the CAVE response is insensitive to 2-AP, a well-known inhibitor of PKR activity, and viral protein synthesis inhibition is not responsible for polR restriction (44a). Likewise, involvement of the dsRNAactivated OAS pathway can also be ruled out, since no degradation of viral mRNAs takes place. A role for cellular adenosine deaminase, also directly activated by dsRNA (48) , is unlikely, since antiviral activity in this case would require that viral dsRNA function as an intermediate in replication. Several other cellular proteins display dsRNA-binding properties, but none of these have so far been shown to possess antiviral effector activity (29, 49) . Given that restriction involves both an inhibition of genome replication as well as reduced virus particle infectivity, more than one antiviral effector activity is likely triggered by overproduction of dsRNA, perhaps in response to a single upstream signaling component with low affinity for dsRNA.
Recent studies have identified two cytoplasmic RNA helicases, RIG-I and MDA5, that act as immediate sensors of virally produced dsRNA and elicit the signaling cascade required for the classical type I IFN induction response (2, 65) . In fact, the role of RIG-I in type I IFN induction was first uncovered in VSV-infected L-929 cells (64) , but in our studies here and in the previous study (44a), neither act D nor 2-AP, both of which inhibit type I IFN induction in L-929 cells (16, 42) , showed a significant effect on polR or VSV-GFP/PFG coinfection restriction in L-929 cells. These results argue against a role for RIG-I or MDA5 in triggering the CAVE response. Nonetheless, in the absence of transcription inhibitors, this classical signaling pathway may well lead to host gene transcriptional activation in the presence of enhanced levels of dsRNA, even if this activation plays no role in restricting virus growth under the single-cycle infections examined here. The same considerations also apply to TLR-3, a transmembrane receptor found predominantly in cells involved in the immune response (52) , which also triggers the host cell antiviral transcriptional response when it binds dsRNA originating from extracellular sources. We are currently addressing whether RIG-I, MDA5, or TLR3 activation or downstream activation of key transcription factors such as IRF-3 might have roles in addition to host gene induction and somehow lead to activation of constitutive antiviral effectors. Lastly, could the constitutive antiviral response described here play some role in natural virus infections? As mentioned above, natural strains of Sendai virus differ in their ability to generate unencapsidated replication products in infected cells, so it seems very likely that the extent of viral dsRNA accumulation in infected cells varies depending on the particular virus source and perhaps also infected cell type, at least as far as nonsegmented negative-strand viruses are concerned. Available evidence so far indicates that such viruses do not encode dsRNA-binding proteins. These agents thus have the potential to produce elevated amounts of dsRNA and possibly trigger a CAVE response. This constitutive cellular antiviral activity might serve to limit production of infectious virus in initially infected cells, reduce spread to adjacent cells or tissues, and even facilitate more efficient induction of the classical IFN response. Enhanced dsRNA production by other types of viruses could conceivably also trigger a CAVE response, or some other IFN-independent antiviral response, at least under some conditions. Our studies suggest novel ways of influencing dsRNA production during viral infections and determining possible effects on antiviral responses in a variety of contexts.
